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a  b  s  t  r  a  c  t
This study involved the evaluation of mechanical and ferroelectric properties of a new class
of  nanoﬁller infused inorganic polymer (geopolymer, GP). To evaluate the mechanical per-
formance, compressive strength and fracture resistance of neat and nanoﬁllers infused GP
were studied at various treatment temperatures. It was found that, addition of 5 vol% alu-
mina nanoﬁber (ANF), increased compressive strength and modulus by over 30% and 60%,
respectively, while it increased fracture toughness (KIC) by over 60% compared to the baseline
specimens. Simultaneously, ferroelectric properties were investigated at various treatment
temperatures (250 ◦C, 650 ◦C and 870 ◦C). Remarkably, higher ferroelectric hysteresis was
observed with the GP treated at 870 ◦C and remnant polarization increased with the addi-
tion  of alumina nanoﬁber. Scanning Electron Microscopy conﬁrmed that neat materials are
composed of particles embedded into the poly-condensed matrix, where particle nature
existed until the treatment temperature reached above 870 ◦C. X-ray diffraction analysis
suggests that, baseline geopolymer started becoming crystalline while the particle nature
gradually disappeared with heating at or beyond 870 ◦C. The bonding between the polymer
and  alumina nanoﬁber tends to be stronger with increasing treatment temperature. The
increase in KIC with the addition of 2 vol% and 5 vol% alumina nanoﬁbers (ANF) is due to
homogeneous dispersion of high interfacial strength nanoﬁllers, which essentially create
strong crack bridging and crack deﬂection effect. The increase in ferroelectric hysteresis
is  potentially due to the formation of hierarchical order and domain reorientation of the
materials.
©  2018 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
Editora Ltda. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
1.  Introduction
Geopolymers are new materials with excellent ﬁre- and heat-
resistant properties. The properties and uses of geopolymers
∗ Corresponding author.
E-mail: asrahman@citytech.cuny.edu (A.S. Rahman).
are being explored in many  scientiﬁc and industrial disciplines
and engineering process technologies. Various studies have
been performed to investigate the performance of geopoly-
mer  as the high temperature coatings [1] and the replacement
https://doi.org/10.1016/j.jmrt.2017.04.005
2238-7854/© 2018 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier Editora Ltda. This is an open access
article  under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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of ordinary port-land cements [2]. However, minimum efforts
have been made to establish these materials as the matrix
of a continuous ﬁber reinforced composites. This effort has
attempted to focus some mechanical and electrical properties
as demanded by high temperature continuous ﬁber reinforced
composites.
Conventional ceramic matrix composites require high tem-
perature powder processing, which usually causes lack in
wetting and interfacial reactions between constituent mate-
rials [3]. Inorganic materials derived geopolymer offer the
potential to bridge between mechanical performances as
a matrix material for high temperature capable ﬁber rein-
forced composites. Simultaneously it has potential to possess
dielectric and ferroelectric behaviors upon certain processing
and treatment conditions. This polymer can be readily pro-
cessed at low temperature with similar technique as organic
polymers but can be applicable above the upper use tem-
peratures of conventional polymers [4]. Unfortunately, low
toughness and high shrinkage often limit the mechanical
performance of this material and restricts it from electron-
ics applications. Previous publications have suggested that
process optimization have the potential to improve com-
pressive strength and modulus [5]. However, processing itself
does not have enough potential to increase fracture tough-
ness and bending strength. Nanoﬁllers reinforcement has
proven to increase the toughness of conventional polymer and
monolithic ceramic materials [6–8]. Only few literature [9–11]
suggested the improvement in toughness of geopolymer with
nano-reinforcement.
Nanoﬁllers in the conventional ceramic materials suffer
from thermal degradation and mechanical distortion, which
impedes the expected improvement in mechanical perfor-
mance. Low temperature processing of inorganic polymer
with nano-reinforcement can overcome this problem and
are therefore expected to improve mechanical performance,
especially the fracture toughness. Alumina nanoﬁbers (ANF)
have superior tensile strength and thermal stability than
conventional ﬁllers of organic polymer composites. Due to
inorganic frame work, ANF also disperses well into geopoly-
mer.  Therefore, ANF can be potentially applied in order to
toughen geopolymer.
High temperature capable ferroelectric materials have
potential to the energy storage devices. As previously reported
[12], several high temperature capable materials have shown
their ferroelectric characteristics at various temperatures.
The ferroelectric (polarization-electric ﬁeld) hysteresis, is
a deﬁning property of ferroelectric materials [13]. It has
been studied intensively due to the potential applications
of ferroelectric thin ﬁlms in nonvolatile memories [14]. The
switching of polarization at high electric ﬁeld is the main
idea behind the applications of this type. The value of the
switchable polarization (the difference between the positive
and negative remnant polarization, PR − (−PR)) can be ana-
lyzed from the hysteresis. But, the switching characteristics
are still not well agreed as the switching depends on the
nature of the ferroelectric material itself, types of electrodes
used, thickness of the ferroelectric, temperature, ﬁeld proﬁle,
number of ﬁeld cycles, and many  other parameters [14–17].
However, the isolation of dielectric constant is necessary to
isolate from the ferroelectric behavior if there is any dielectric
properties existent. This can be measured by dielectric loss
calculation. Many researchers have found that [18–20] an ideal
dielectric material should have homogeneous and constant
dielectric constant at the applicable frequency range. Most of
the reported materials are crystalline in nature and therefore
the extent of ferroelectricity was not necessarily investigated
in the amorphous state. The current study highlighted the
nature of polarization transformation with the transfor-
mation from amorphous to crystalline state. Investigating
the polarization versus electric ﬁeld (P–E) of a ferroelectric
material yields a hysteresis loop, which allows us to estimate
the remnant polarization (Pr) and coercive ﬁeld (Ec). The
polarization behavior and the coercive ﬁeld of the consequent
ferroelectric material vary with the applied voltage frequency.
High temperature treatment [12] and nano-reinforcement
[21] are suggested to result in transformation to crystalline
phases which possess the property of ferroelectricity at the
high temperatures. Investigating mechanical as well as fer-
roelectric properties therefore explores the potential to use
this material in high temperature energy storage devices. The
current investigation is therefore focused on understanding
the underlying processing and toughening mechanism of inor-
ganic polymer through the knowledge developed from some
advanced techniques such as phase transformation and fer-
roelectric hysteresis.
In the current investigation, a systematic study has been
performed on this new class of geopolymer to investigate how
the changes in compressive strength and fracture toughness
with the heat treatment is related to the changes in ferro-
electric property, such as hysteresis loop from the viewpoint
of domain reorientation. The current investigation explores
the scope of annealing of the material at a reasonably high
temperature with and without nano-reinforcement on the
ferroelectric phase transformation. The synergy between the
heat treatment and nanoﬁller reinforcement were inves-
tigated throughout this study. The ferroelectric properties
arising from domain reorientation are related to nanoparti-
cles infusion. The electric displacement (polarization) versus
electric ﬁeld (P–E) hysteresis loops of neat and nano-reinforced
geopolymer were studied at 500 Hz frequency. The mechanism
of fracture resistance of nano-reinforced geopolymer has also
been explored through this study.
2.  Experimental
2.1.  Materials
Base material of this investigation is MEYEB, which is a poly-
sialate geopolymer in a suspension form containing various
chemicals including potassium silicate, aluminum oxide, sili-
con dioxide, aluminum phosphate and water. These chemicals
are mixed up in the proprietary proportions of Si/Al, K2O/SiO2
and H2O/K2O, which take place in the poly-condensation reac-
tion during cure process. Nanoﬁllers of this investigation are
alumina nanoﬁber (ANF) and alumina nanoparticle (ANP),
which are supplied by ANF technology (Estonia). Chemical
conﬁguration and hydrophilic nature of these nanomaterials
allow them to disperse well into inorganic polymer, geopoly-
mer  in a large volume fraction.
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2.2.  Sample  preparation
Pre-weighed nanomaterials were separately mixed in the
geopolymer (GP) suspension using a slow shear mixing in
a planetary ball mill. For compression testing samples, neat
and nanoﬁllers mixed GP suspensions were ﬁrst poured into a
customized tubular acetal resin molds with a nominal inside
diameter of 6 mm and length of 20 mm.  These molds were
closed on both ends with vinyl caps and sealed with PTFE tape.
To further ensure moisture retention, the molds were sealed
in polyethylene (PE) bagging with atmospheric pressure inside.
The molds were kept vertical in order for any bubbles to freely
escape from the liquid state. To accomplish the initial cure,
the samples were then heated at 1 ◦C/min to 65 ◦C, then at
0.5 ◦C/min from 65 ◦C to 80 ◦C, and then held at 80 ◦C for 24 h
in the sealed environment. At the end of initial cure the sam-
ples were removed from the mold and dried in air at 80 ◦C for
10 h. Additional drying at temperatures stepping up to 250 ◦C is
detailed in Table 1. Post heat treatment of the materials, which
is a requirement for de-hydroxylation, is performed for 5 h at a
constant annealing temperature of 650 ◦C. After this post heat
treatment, the sample was fully annealed in a furnace.
Samples for measuring fracture toughness and ferroelec-
tric hysteresis were prepared using acetal resin mold with
rectangular slots. These samples were prepared using the sim-
ilar technique as for the cylindrical samples. For the purpose
of measuring both mechanical and electrical properties vari-
ous GP samples were prepared with no nanoﬁllers, ANF and
ANP with various volume fractions. Also, in order to evaluate
the effect of temperatures on those properties, samples were
separately treated at various treatment temperatures, which
are shown in Table 2. The samples were annealed after the
subsequent heat treatment.
2.3.  Characterization
2.3.1.  Compression  strength  measurement
Compression strength was measured, as these are relatively
insensitive to small cracks and ﬂaws that would negatively
affect the measured tensile strength, but are representative
of the intrinsic binding strength of the material. Compression
strength was measured using an Applied Test Systems, Inc
screw driven load frame. The tests were performed by plac-
ing the samples (with average length and diameter of 17 and
6 mm,  respectively) in an aluminum compression cage and
applying a crosshead loading rate of 0.5 mm/min. The strength
was determined from the measured failure load. The test
parameters were adjusted according to ASTM C 1424 standard
[22]. At least ﬁve samples were tested for ﬁnding compressive
strengths of neat and nanoﬁlled type geopolymers processed
through each set of processing and treatment schedule as
speciﬁed in Table 2.
2.3.2.  Fracture  toughness  testing
Mode-I fracture toughness was calculated from the fracture
forces, test specimen dimension and the notch size of the
specimen which underwent single edge V-notch bend beam
(SEVNB) test technique. This test was performed using Instron
C1102 on a 3 point bend ﬁxture with a span length S0 = 30 mm
and test speed of 0.5 mm/min, under ASTM C1421-10 [23].
The dimension of the overall notched specimen is presented
in Fig. 1.
According to this standard, the mode-I fracture toughness
(KIC) was calculated, using the following equation:
KIC = g
[
PmaxS010−6
bw1.5
] [
3[a/w]0.5
2[1 − a/w]1.5
]
(1)
where, Pmax = maximum force, N; S0 = span length; a = crack
length; b = width of the specimen; w = depth of the speci-
men  and g is a geometry dependent polynomial. Typical span
length, width and depth of the specimens for this test (see
Fig. 1) are 30, 4.5 and 4 mm,  respectively.
2.3.3.  Ferroelectric  hysteresis  measurement
For the ferroelectric behavior of the geopolymer matrix under
electric ﬁeld, a Polarization-Electric Field P–E measurements
were carried out using a modiﬁed Sawyer–Tower bridge
Table 1 – Cure and drying schedule for sample preparation.
Cure time @ 80 ◦C (h) 1st stage 2nd stage 3rd stage
Drying @ 80 ◦C (h) Evaporation schedule De-hydroxylation schedule
100 ◦C 145 ◦C 250 ◦C 650 ◦C
24 10 R-0.1 ◦C/min
H-3 h
R-1 ◦C/min
H-3 h
R-1 ◦C/min
H-5 h
R-5 ◦C/min
H-5 h
Table 2 – Sample types and treatment temperatures.
Treatment temperature
80 ◦C 250 ◦C 650 ◦C 760 ◦C 870 ◦C
Neat GP X X X X X
GP + 2 vol% ANF X X X X X
GP + 2 vol% ANP X X X
GP + 5 vol% ANF X X X
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a
40 mm
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0.6 mm
200 μm
400 μm
0.8 mm
b
Fig. 1 – Notch geometry on a 30 mm span bend beam specimen: (a) overall view and (b) expanded view of the notch in (a).
conﬁguration. A customized specimen holding apparatus was
built [24,25]. The specimen is placed between two high-
purity alumina spacers. A TREK high-voltage ampliﬁer model
30/20 was used as the electric ﬁeld supply. The specimen
is immersed in a silicon oil bath to prevent electric arcing.
Thin copper strips are placed between the electrode of the
specimen and the alumina spacing. The TREK power ampli-
ﬁer, which provides precise control of output voltages in
the range of 0 to ±30 kV, applies the electric ﬁeld through
the top thin copper. A 10 F capacitor is connected to the
bottom thin copper and the ground. A Keithley 6514 electrom-
eter with the same polarity is connected to the capacitor to
measure the voltage of the capacitor. The longitudinal dis-
placement is measured by an MTI-2000 Photonic sensor from
MTI  Instruments, Inc. All data are recorded and collected
through LabView. This electric loading system is settled on a
VIBRAPLANE Model 9100/9200 Vibration Isolation Table from
Kinetic System, Inc, which absorbs the vibration in the tests
to ensure the accuracy of the data. The tests were performed
under electric ﬁeld loading, for about 10–30 cycles in the range
of ±20 kV/cm at room temperature. After the initial cycle,
the hysteresis loops of electric ﬁeld vs. electric displacement
become stabilized and repeatable. At frequency of 500 Hz mea-
surement for the electric ﬁeld sweep, a minimum of three
specimens were tested and compared, to insure accuracy of
the experiments.
2.3.4.  Microstructure  evaluation
In order to understand the microstructural variations at differ-
ent stages of heat treatment, SEM analysis was performed on
the fracture surfaces using JEOL JSM-6500 Field emission Scan-
ning Electron Microscope (FE-SEM). Fracture surfaces of the
specimens were coated in gold (10 nm thick) using a Hummer
VII ion beam sputter coater to enable imaging. To obtain high-
resolution images (less than 1 m),  a beam energy of 15 kV
was applied on the samples (around 2 mm thick) inside the
vacuum chamber which was maintained at 9.63 × 10−5 Torr.
2.3.5.  Phase  transformation  evaluation
X-ray diffractogram (XRD) study was performed to investigate
the materials phases and their transformation with tempera-
ture. The X-ray diffractogram was measured separately on GP
treated at 250 ◦C, 650 ◦C (O2) and 870 ◦C (O2) using Scintag X-
2 X-ray powder diffractometer. All the samples were crushed
separately to make ﬁne powder. The 0.1542 nm wavelength
CuK radiation was used in this experiment to measure the
intensity peaks of samples in a stationary sample stage in the
range of 5–85 deg with a step size of 0.02 deg.
3.  Results  and  discussion
3.1.  Extended  temperature  response  to  compression
strength
The purpose of studying compressive strength is to measure
the strength and degree of bonding at various treatment tem-
peratures under compression, since this material is weak in
tension. Fig. 2 presents the compressive strengths of neat GP
heat treated at processing and extended treatment tempera-
tures. It is seen that compressive strength gradually increased
up to 760 ◦C and then decreased at 870 ◦C. With the increase
in temperature from 80 to 760 ◦C, the increase in compressive
strength is almost 100%. The results indicate that extended
temperature heat treatment made the geopolymer stronger
which resulted in the further improvement in the compressive
strength. However, beyond 870 ◦C this geopolymer is no longer
strong, which is seen from the drop in compressive strength.
The drop in compressive strength has been suggested by the
formation of crystalline structure and reduction in particle
reinforcement [9,26].
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Fig. 2 – Effect of temperature on compressive strength.
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Fig. 3 – Phase transformation of neat GP with treatment
temperature (a) 250 ◦C (b) 650 ◦C (c) 870 ◦C.
3.2.  Understanding  the  phase  and  morphology  of  the
polymer
The purpose of phase transformation study is to understand
the crystallinity and its potential effect on the mechanical
properties and ferroelectric hysteresis. Fig. 3 represents X-ray
diffraction of GP treated at various temperatures. With the
processing at 80 ◦C an amorphous phase is formed, which
is shown in Fig. 3(a). The amorphous nature exists until the
processing temperature exceeded 650 ◦C, which is found from
Fig. 3(b). With the processing at 870 ◦C GP presented 3 peaks
representative of crystalline phases at around 24, 29 and 36
deg respectively, among which, the one at 24 deg is promi-
nent. These peaks indicate the formation of zeolite phases in
GP at higher temperature [27] and amorphous to crystalline
transformation near at 770–870 ◦C.
Geopolymers are generally X-ray amorphous or semi
crystalline materials with less ordered structures [28] which
gradually reach to the stability with the sacriﬁce in mechan-
ical strength [29]. The amorphous nature of geopolymer
persists while cured at temperatures less than 80 ◦C, however
the crystalline phase is found upon heating and annealing,
which depends on the temperature. At high temperature,
geopolymer structure becomes more  ordered and reveals
some phases which correspond to zeolite [27]. Those studies
have suggested that at the treatment temperature at around
1000 ◦C, those highly ordered crystalline structure can be
formed. Amorphous-to-Crystalline phase transformation
may be related to the drop in mechanical strength. However,
this transformation has some potential beneﬁts in increasing
the ferroelectric properties which is explained with the
investigation of ferroelectric hysteresis.
3.3.  SEM  investigations  of  neat  and  nano-reinforced
inorganic  polymer
The purpose of microstructure evaluation is to understand the
temperature dependent microstructural variation in GP and
correlate the transformation with mechanical and electrical
properties. Fig. 4 is the presentation of the microstructure of
specimens at various stages of processing (80 ◦C and 650 ◦C)
and post treatment at 870 ◦C. According to the microstruc-
ture, the fracture surface of 80 ◦C cured specimen can be
described as the particles of un-reacted materials distributed
over the poly-condensed network of GP matrix [4]. It appears
that the particles are bonded to each other on the surface.
The average sizes of the un-reacted particles are in the range
of 0.45 ± 0.2 m.  From Fig. 4(a) and (b) it is found that sample
treated at both 80 ◦C and 250 ◦C contain inter-particle porosi-
ties, however, higher pore densities are found in the sample
treated at 80 ◦C. This suggests weak particle to particle bond-
ing and incomplete polycondensation reaction at 80 ◦C. While
neat GP is processed at 250 ◦C particles became more  inter-
connected to each other with more  poly-condensed structure.
The poly-condensed structure in the 250 ◦C treated sample
(see Fig. 4(b)) is approximately 20–30 vol%, which is higher
compared to the sample cured at 80 ◦C (see Fig. 4(a)). The
changes in morphology suggests that within 80–250 ◦C tem-
perature range more  ions are dissolved into liquid and creates
more  geopolymer network until the unreacted liquid is dried
out [4]. It is also suggested that the polycondensation reac-
tion does not complete at 80 ◦C rather it completes at elevated
temperature.
With the successive treatment at 650 ◦C and 870 ◦C the
particle nature of GP was reduced and more  homogeneous
structure was appeared, which is found in Fig. 4(c) and (d).
This suggests thermal diffusion of particles into the poly-
condensed network. Both particles and the poly-condensed
structure contain similar chemical conﬁguration, which favors
this high temperature diffusion. Un-reacted particles are
expected to work as reinforcement in the geopolymer and
therefore to retain its mechanical strength [9]. Since there
is no particle nature at 870 ◦C, geopolymer at this tempera-
ture behaves like a weak monolithic sintered material. Fig. 5
presents the poly-condensed and coalesced structures with
temperature. It is found that at 870 ◦C approximately 90% of
the total area is coalesced. This evidence therefore veriﬁes
the drop in compressive strength as seen in previous sec-
tion.
3.4.  Fracture  toughness  response  with  alumina
nanoﬁber  reinforcement
The purpose of fracture toughness (KIC) measurement is to
understand the crack propagation resistance in the neat GP
and GP with alumina nanoﬁllers at various proportions and
treatment temperatures. Fig. 6 presents fracture toughness
response of neat GP and nanoﬁber reinforced GP at vari-
ous treatment temperatures. With the changes in treatment
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Fig. 4 – SEM micrographs of neat GP fracture surface after being (a) cured at 80 ◦C, (b) post cured at 250 ◦C, (c) 650 ◦C and (d)
870 ◦C following optimum schedule.
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Fig. 5 – Area of poly-condensed structure of neat GP heat
treated at various treatment temperatures. Poly-condensed
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temperature from 80 ◦C to 250 ◦C fracture toughness did not
increase in neat GP, but with 2 vol% ANF and 2 vol% ANP frac-
ture toughness increased by ∼136% and ∼25%. ANF is more
effective in toughening than ANP due to high aspect ratio.
High aspect ratio nanoﬁllers act as the medium for crack bridg-
ing and crack deﬂection [30,31]. While treated at 650 ◦C, with
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Fig. 6 – Fracture toughness of neat and nano-ﬁled GP heat
treated at various temperatures.
2 vol% ANF and 2 vol% ANP toughness increased only ∼20%
and 12%. While treated at 760 ◦C fracture toughness of neat
GP increased to the maximum level, however, with 2 vol% ANF
and ANP reinforcement fracture toughness reduced by ∼33
and ∼44%, respectively. 5 vol% ANF resulted in the propor-
tional increase in fracture toughness at 250 ◦C in proportion
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Fig. 7 – Alumina nanoﬁber reinforced GP treated at (a) 250 ◦C, (b) 650 ◦C, (c) distribution of pull out lengths of ANFs at 250 ◦C.
to 2% ANF. With the addition of 2 vol% and 5 vol% ANF frac-
ture toughness of GP increased by 28.5 and 57%, respectively.
At 650 ◦C the toughness contribution of ANF and ANP dropped
down than at 250 ◦C. At 760 ◦C both ANF and ANP contribution
to toughness was negative. The reduction in the effectiveness
at high temperature is attributed to the structural instabil-
ity of nanoﬁllers due to thermal diffusion into the matrix
with similar chemical conﬁgurations. More  evidence on the
diffusion is explained using the SEM images as shown in
Fig. 7.
Fig. 7 presents fractured surfaces of 2 vol% ANF reinforced
GP at two different temperatures (250 ◦C and 650 ◦C). From
Fig. 7 it is found that ANFs created bridging in 2 vol% ANF rein-
forced GP treated at 250 ◦C. Similar bridging is not found in ANF
reinforced samples treated at 650 ◦C (Fig. 7(b)). Only few traces
of ANFs were found in the GP matrix. In the samples treated
at 250 ◦C, the bridging of ANF is observed along the cracks of
GP with less than 0.3 m pull out length, which can be found
from Fig. 7(c).
Due to similarities in structural and chemical conﬁgura-
tions, at high temperature both ANF and ANP diffuses into
GP and loses their structural integrity. The reason behind this
diffusion is that the diameter of nanometer scale ANF is equiv-
alent to only few molecules of alumina with higher surface
area-to-volume ratio and higher porosity in comparison to
bulk alumina [32]. This thermal diffusion negatively affects
the mechanical performance. With the subsequent heat treat-
ment, it is essential to understand the effect of amorphous and
crystalline phases of neat GP followed by alumina nanoﬁllers
on the ferroelectric properties.
3.5.  Ferroelectric  response  of  neat  GP  with  treatment
temperature
Fig. 8 presents hysteresis loops of neat GP treated at 250 ◦C and
870 ◦C with electric ﬁeld loading at a frequency of 500 Hz. From
the results, it is found that the neat GP treated at 870 ◦C showed
better hysteresis behavior based on remnant polarization and
coercive ﬁeld than that of the GP treated at 250 ◦C. The results
suggest that temperature treatment induced ferroelectric
properties of GP with the mechanism of phase transition. Sim-
ilar increase in polarization has been reported in perovskite
materials [33] with the increase in annealing temperature.
Increase in remnant polarization with the increase in tem-
perature is attributed to the development of crystalline phase
[33,34]. Temperature increases the crystalline nature and more
ordered structure. Also, the increase in particle size and more
coalesced volume (see Figs. 4 and 5) of GP results in less defec-
tive structure which causes the decrease in coercive ﬁeld and
increase remnant polarization [35,36].
52  j m a t e r r e s t e c h n o l . 2 0 1 8;7(1):45–54
20
15
10
5
0
–5
Neat GP (870 °C)
Neat GP (250 °C)
–10
–15
–20
–15 –10 –5 0 5 10
Electric field (kV/cm)
El
ec
tri
c 
di
sp
la
ce
m
en
t (µ
C/
m
2 )
15
Fig. 8 – Hysteresis loops of neat GP treated at 250 ◦C and
870 ◦C.
3.6.  Ferroelectric  response  of  GP  with  addition  of
nanoﬁllers
The hysteresis loops (P–E loops) of neat GP and nanoparticles
infused GP were evaluated in order to investigate the ferroelec-
tric behavior of this new material system. Since the hysteresis
characteristic of neat GP was found better at 870 ◦C (see Fig. 8),
further ferroelectric study was performed on ANF and ANP
treated GP at 870 ◦C. The results are presented in Fig. 9(a). Coer-
cive ﬁeld and remnant polarization were evaluated from the
P–E loops and the results are charted in Fig. 9(b).
It is observed that with the addition of ANF, coercive
ﬁeld and remnant polarization increase. When electric ﬁeld
reaches to zero, remnant polarizations are around 5 C/cm2
for neat and 8 C/cm2 (60% increase) for 2 vol% ANF reinforced
GP. Remnant polarizations are 7 and 6 C/cm2 for 5% ANF and
ANP reinforced samples, respectively. The motion of domain
walls cause the domain switching for ferroelectric material,
and the motion of domain walls have difﬁculties for viscosity
or resistance against domain reorientation through the mate-
rial. With the addition of ﬁllers, ferroelectric material becomes
more  viscous, which produce more  resistance. This resistance
in ferroelectric materials prevents the domain motion [37,38].
For this behavior, the ﬁllers infused GP shows better remnant
polarization. The effective electric ﬁeld is the ﬁeld required
to overcome this resistance through material to switch the
domains [39].
The proportional increase in the polarization was expected
with the increase in the volume fraction of nanoﬁllers; how-
ever, the expected increase was not seen may be due to the
formation of bundles of nanoﬁllers with high volume frac-
tion. The higher remnant polarization increases the energy
storage capacity of this material system. This type of material
can be used in energy storage application at high temperature
facilities.
According to these test results, the P–E hysteresis loop
occurs and this new GP material may show ferroelectric behav-
ior. To conﬁrm the ferroelectric properties, it is essential to
evaluate the dielectric constants [18–20] and Switchable polar-
ization [14] over a range of frequencies and temperature.
Further demonstration of the strain-electric ﬁeld loop and
current-electric ﬁeld loop provides supportive information on
ferroelectric hysteresis, which is an ongoing effort of this
project.
4.  Summary
Compression strengths of neat GP were measured with vari-
ous treatment temperatures. Phase transformation of neat GP
was observed with various treatment temperatures as well.
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alumina nanoﬁllers reinforced GP were investigated with the
variations in the treatment temperatures as well.
The results suggested that compressive strength and frac-
ture toughness, KIC of both neat and nanoﬁlled GP increased
with temperature until a signiﬁcant microstructural changes
and phase transformation occurred. KIC also increased propor-
tionally with the addition of nanoﬁbers, which resulted from
the increase in crack bridging and pull-out mechanism, how-
ever, phase transformation of GP and thermal degradation of
nanoﬁllers affected the expected performance of nanoﬁllers
at high temperature. With the sufﬁcient annealing tempera-
ture, more  ordered crystalline and coalesced structures were
formed into GP matrix, which resulted in the increase in
remnant polarization with some sacriﬁce in the mechanical
performance. In addition, Nanoﬁllers assisted in increase in
the viscosity of the GP matrix which resulted in the increase
in ferroelectric performance.
The strength and fracture resistance of neat GP increased
with the increase in bond strength on the particle sur-
face and the balance between the area fractions of particles
and poly-condensed structures. High aspect ratio alumina
nanoﬁllers further increased fracture resistance of GP by
crack bridging and pull out mechanism. Remnant polar-
ization increased with heat treatment and high aspect
ratio nanoﬁllers. Amorphous-to-crystalline transformation
and coalesced particle structure are two important variables
to control ferroelectric hysteresis and mechanical strength.
Thus, this study highlighted the scope of this material as a
matrix for the continuous ﬁber reinforced composite with high
temperature energy and data storage capability with reason-
able mechanical performance.
Conﬂicts  of  interest
The authors declare no conﬂicts of interest.
Acknowledgments
This work was partially supported by Composites Materials,
Manufacture and Structures (CMMS) Laboratory at Colorado
State University and Advanced Materials Research Lab at City
University of New York.
r  e  f  e  r  e  n  c  e  s
[1] Duvic NC. Polysiloxanes – new coating technology. In: NACE
corrosion conference. 1995. p. 582.
[2] Davidovits J. Geopolymeric reactions in the economic future
of  cements and concretes: world-wide mitigation of carbon
dioxide emission. In: Proceedings of the 2nd international
conference on geopolymer. 1999. p. 111–21.
[3] Bansal NP, Lamon J. Ceramic matrix composites. In:
Materials modeling and technology. New Jersey: John Wiley
&  Sons; 2014. p. 217–33.
[4] Davidovits J. Geopolymer chemistry and applications. In:
Institut Geopolymere. 3rd ed. France: Saint-Quentin; 2011.
[5] Rahman S, Radford DW. Cure cycle optimization of an
inorganic polymer matrix material for high temperature
ﬁber reinforced composites. Compos Part A: Appl Sci
Manufact 2016;85:84–93.
[6] Ueno K, Sedeoka S. Fracture toughness of SiC whisker
reinforced Si3N4 ceramics. Int J High Technol Ceram
1987;3(3):254.
[7] Bansal NP. Handbook of ceramic composites. Boston: Kluwer
Academic Publishers; 2005.
[8] Becher PF, Hsueh CH, Angelini P, Tiegs TN. Toughening
behavior in whisker reinforced ceramic matrix composites. J
Am  Ceram Soc 1988;71(12):1050–61.
[9] Rahman SA [PhD dissertation] Nanoﬁber reinforcement of a
geopolymer matrix for improved composite materials
mechanical performance. Fort Collins, CO: Colorado State
University; July 2015.
[10] Saaﬁ M, Andrew K, Tang PL, McGhon D, Taylor S, Rahman M,
et al. Multifunctional properties of carbon nanotube/ﬂy ash
geopolymeric nanocomposites. Constr Build Mater
2013;49:46–55.
[11] MacKenzie K, Bolton MJ. Electrical and mechanical
properties of aluminosilicate inorganic polymer composites
with carbon nanotubes. J Mater Sci 2009;44:2851–7.
[12] Oilwiler RW. High temperature ferroelectric materials,
technical documentary report No. ML-TDR 65-24. Available
from: http://www.dtic.mil/dtic/tr/fulltext/u2/437307.pdf
[accessed 25.02.17].
[13] Bertotti G, Mayergoyz I. The science of hysteresis. Hysteresis
in  piezoelectric and ferroelectric materials, vol. 3. Elsevier;
2005. p. 337–465 [chapter 4].
[14] Scott JF. Ferroelectric memories. Springer series in advanced
microelectronics, vol. 3. Berlin: Springer; 2000.
[15] Tagantsev AK, Stolichnov I, Colla EL, Setter N. Polarization
fatigue in ferroelectric ﬁlms: basic experimental ﬁndings,
phenomenological scenarios, and microscopic features. J
Appl Phys 2001;90:1387–402.
[16] Tagantsev AK. Size effects in polarization switching in
ferroelectric thin ﬁlms. Integr Ferroelectr 1997;16:237-244.
[17] Setter N, Colla EL. Ferroelectric ceramics. In: Ferroelectric
thin ﬁlms and thin ﬁlm devices. Basel: Birkhäuser-Verlag;
1993. p. 185–212 [chapter 7].
[18] Lin Z, Shan X, Wu P, Song J, Cheng Z-Y. Microstructure and
dielectric properties of CCTO-P (VDF-TrFE) nanocomposites.
Ferroelectrics 2010;405(1):92–7.
[19] Hu J, Wang D, Yao L, Dang ZM, Han BZ. Improvement in
dielectric properties of barium titanate/polypropylene
nanocomposites via surface modiﬁcation of ceramic
nanoparticles. J Adv Phys 2015;4(4):331–6.
[20] Zhi-Min D, Ming-Sheng Z, Peng-Hao H, Jun-Wei Z. Dielectric
polymer materials for electrical energy storage and dielectric
physics: a guide. J Adv Phys 2015;4(4):302–13.
[21] Rees CA, Provis JL, Lukey GC, Jannie SJ, Deventer V. The
Mechanism of geopolymer gel formation investigated
through seeded nucleation. Colloids Surf A: Physicochem
Eng Aspects 2008;318:97–105.
[22] ASTM C1424 (2004) standard test method for monotonic
compressive strength of advanced ceramics at ambient
temperature. West Conshohocken, PA: ASTM, International;
2004, http://dx.doi.org/10.1520/C1424-04. www.astm.org.
[23]  ASTM C1421 (2010) standard test methods for determination
of  fracture toughness of advanced ceramics at ambient
temperature. West Conshohocken, PA: ASTM, International;
2010, http://dx.doi.org/10.1520/C1421-10. www.astm.org.
[24]  Hossain ME [PhD dissertation] Frequency-dependent
dielectric properties of nano-dielectric materials for energy
storage applications. The City College of the City University
of New York; 2014.
[25] Hossain ME, Liu S, Brien OS, Li J. Frequency dependent
ferroelectric behavior of BaMn3Ti4O14.25 at room
54  j m a t e r r e s t e c h n o l . 2 0 1 8;7(1):45–54
temperature. Appl Phys Lett 2015;107:032904,
http://dx.doi.org/10.1063/1.4927246.
[26] Rahman AS, Radford DW. Cure cycle optimization of an
inorganic polymer matrix material for high temperature
ﬁber reinforced composites. Compos Part A: Appl Sci
Manufact 2016;85:84–93.
[27] Bell JL, Driemeyer PE, Kriven WM.  Formation of ceramics
from Metakaolin-based geopolymers. Part II: K-based
geopolymer. J Am Ceram Soc 2009;92(3):
607–15.
[28] Kriven WM, Gordon M, Bell JL. Geopolymers: nanoparticulate,
nanoporous ceramics made under ambient conditions,
microscopy and microanalysis. In: 62nd annual meeting of
the Microscopy Society of America, vol. 10. 2004. p.
404–5.
[29] Silva PD, Crenstil KS. The role of Al2O3:SiO2 and Na2O on the
amorphous crystalline phase transformation in geopolymer
systems. J Aust Ceram Soc 2009;45(1):63–71.
[30] Evans AG. Perspective on the development of high-toughness
ceramics. J Am Ceram Soc 1990;73(21):187–205.
[31] Launey ME, Ritchie RO. On the fracture toughness of
advanced materials. Adv Mater 2009;21:2103–10.
[32] Lin T. Electrospinning of metal doped alumina nanoﬁbers for
catalyst application. In: Nanoﬁbers-production, properties
and functional applications. Intech, 2011. 2011. p. 37–58
[chapter 3].
[33] Araujo EB, Eiras JA. Effect of temperature and frequency on
dielectric and ferroelectric properties of PZT thin ﬁlms.
Mater Lett 2000;46:265–9.
[34] Peng CH, Park SW, Desu SB. Characterization of chemically
deposited PZT ﬁlms. Ceram Trans 1992;169:25.
[35] Okazaki K, Nagata K. Effects of grain size and porosity on
electrical and optical properties of PLZT ceramics. J Am
Ceram Soc 1973;56(2):82–6.
[36] Pulvari CF, Kuebler W.  Polarization reversal in triglycine
ﬂuoberyllate and triglycine sulfate single crystals. J Appl
Phys 1958;29:1742.
[37] Scott JF. Ferroelectric memories. Heidelberg: Springer; 2000.
[38] Li JF, Viehland D, Lakeman CD, Payne DA. Frequency
dependent electromechanical properties for sol-gel
deposited ferroelectric lead zirconate titiate thin layers:
thickness and processing effects. J Mater Res 1995;10(6).
[39] Lente MH. Ferroelectric domain dynamics in PMN-PT
ceramics. Ferroelectrics 2003;296:149.
